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Abstract
Physical properties of MICP-treated sands are controlled by CaCO3 distributions in pore space, which remain relatively unexplored.
CaCO3 can deposit at the particles’ contact area (contact-cementing), coat sand particles (grain-coating), or create a cementation bridge
between soil grains (matrix-supporting). The objectives of this paper are to determine the dominant CaCO3 distributions in pore space
and investigate the effects of CaCO3 distributions on the small-strain stiffness (measured by S-and P-wave velocities) and permeability of
MICP-treated sands. To achieve these objectives, cemented-sand and uncemented-sand models combined with three ideal CaCO3 distri-
butions (contact-cementing, grain-coating, and matrix-supporting) were used to estimate the S-and P-wave velocities. In order to deter-
mine the dominant CaCO3 distributions in pore space, the calculated values from the models were then compared with experimental
data. It was concluded that the dominant CaCO3 distributions were a combination of grain-coating and matrix-supporting. The effects
of CaCO3 distributions at pore space on the variation of permeability were estimated using Kozeny-Carman and Panda-Lake models
with three pore-scale cement distributions (pore-lining, pore-filling, and pore-bridging). The comparison between laboratory-
measured and calculated permeability from the pore-filling Panda-Lake model for seven types of sands demonstrated a relatively good
match with a maximum difference of one order of magnitude. The comparison suggests the pore-filling Panda-Lake model can be used
for estimating the permeability of the MICP-treated sands.
 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Microbially induced carbonate precipitation (MICP)
has been studied as a ground improvement technique
(Mitchell and Santamarina, 2005; Ivanov and Chu, 2008;
Whiffin et al., 2007; DeJong et al., 2013). The research
has been focusing on physical properties (e.g., shear
strength, stiffness, Poisson’s ratio, volumetric strain, con-
solidation, and permeability) of MICP-treated soils using
benchtop-scale tests (e.g., oedometer, triaxial, direct shear
and unconfined compression tests by DeJong et al., 2006;
van Paassen, 2011; Chou et al., 2011; Al Qabany and
Soga, 2013; Cheng et al., 2013; Montoya and Dejong,
2015; Lin et al., 2016a; Nafisi et al., 2019). Furthermore,
efforts made towards field applications include large lab-
scale biogrouting for stabilizing sandy soils and permeable
pile system, centrifuge modeling, and field-scale biogrout-
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ing for borehole stability enhancement and erosion resis-
tance tests (van Paassen et al., 2010; Cheng and Cord-
Ruwisch, 2014; Gomez et al., 2015; Lin et al., 2016b,
2017; Gomez et al., 2016, 2018; Darby et al., 2019; Bick
et al., 2019). However, the physical properties (e.g.,
small-strain stiffness and permeability) of MICP-treated
soils are controlled by CaCO3 distributions at pore-scale,
which are not well-understood nor well-documented in
the literature (Al Qabany et al., 2012; Lin et al., 2016a;
Terzis and Laloui, 2018; Mahawish et al., 2019).
The objectives of this paper are to: (1) investigate the
dominant pore-scale CaCO3 distributions in sand matrix
by comparing measurement-based S-and P-wave velocities
reported in the literature with modeling results; and (2)
assess the effect of CaCO3 distributions on the permeabil-
ity of MICP-treated sands using the results of analytical
models compared with measured data from the literature.
To achieve these objectives, two analytical models
(cemented- and uncemented-sand models developed by
Dvorkin and Nur, 1996; Mavko et al., 1998) were used
to estimate S-and P-wave velocities under three ideal
pore-scale CaCO3 distributions (i.e., contact-cementing,
grain-coating, and matrix-supporting). The modeling
results were used to compare with measurement-based
S-and P-wave velocities to determine the dominant
pore-scale CaCO3 distributions in the MICP-treaded
sands. Furthermore, the Kozeny-Carman and Panda-
Lake models combined with three ideal CaCO3 distribu-
tions were used for estimating soil permeability (Panda
and Lake, 1994, 1995) and compared with the measured
permeability from the literature. Based on the compar-
ison, the model that can reasonably estimate the variation
of the permeability of the MICP-treated sands was
determined.
2. Background
2.1. CaCO3 nucleation and distributions at micro-scale
The bacterium, Sporosarcina pasteurii, which is com-
monly utilized for urea hydrolysis in the MICP soil
improvement process, modifies the local geochemical con-
ditions (e.g., increasing the pH and carbonate saturation
level) and serves as a nucleation site for CaCO3 precipita-
tion (Stocks-Fischer et al., 1999). During the MICP pro-
cess, the precipitation of CaCO3 in the pore space starts
by nucleation around the bacteria cells (Mitchell and
Ferris, 2006), followed by growth into different crystal
types such as vaterite and calcite; the type of which is con-
trolled mainly by the hydrolysis rate of urea and the rate of
CaCO3 precipitation (van Paassen, 2009; Cuthbert et al.,
2012; Lin et al., 2016a). It is worth noting that the poly-
morphs of CaCO3 include calcite, vaterite, aragonite, and
amorphous CaCO3 (Wang et al., 2019). However, arago-
nite typically crystallizes at high temperature (higher than
35 C), while amorphous CaCO3 is unstable and can trans-
form into calcite and vaterite (Rodriguez-Blanco et al.,
2011). Thus, calcite and vaterite are the commonly
observed CaCO3 crystals in the MICP-treated sands (van
Paassen, 2009; Wang et al., 2019). These two CaCO3 poly-
morphs are shown in the Scanning Electron Microscope
(SEM) images obtained by our research group on three dif-
ferent types of sands (Fig. 1a, b, and c, Lin et al., 2016a,
2016b). The Environmental SEM (FEI XL30) equipped
with a backscattered and secondary electron (BSE) detec-
tor was used for imaging sand samples under the low vac-
uum mode. It was also observed that the vaterite and
calcite crystals grew in clusters containing a large number
of micropores, which was confirmed by Armstrong and
Ajo-Franklin (2011), and these clusters were not uniform
nor symmetric between sand grains. SEM images of
MICP-treated sands reported by Lin et al. (2016a) also
confirmed that there are three ideal types of CaCO3 distri-
butions in the MICP-treated sands at the pore-scale:
contact-cementing, grain-coating, and matrix-supporting.
A schematic diagram of these three distributions is shown
in Fig. 1d. The effects of these three ideal CaCO3 distribu-
tions on the physical properties (small-strain stiffness and
permeability) of MICP-cemented sands have not been
thoroughly investigated in the literature and are explored
in this paper.
2.2. Soil physical properties affected by CaCO3 distributions
This section focuses on the effects of the three ideal
CaCO3 distributions (contact-cementing, grain-coating,
and matrix-supporting) on the engineering properties
(small-strain stiffness and permeability) of sands treated
by MICP.
2.2.1. Small-strain stiffness
The pore-scale CaCO3 distributions affect the small-
strain stiffness and shear strength of the MICP-treated sand
matrix (Al Qabany et al., 2012; Evans et al., 2014; Feng,
2015; Nafisi et al., 2019). Different pore-scale CaCO3 distri-
butions affect the amount of contact between soil particles
by forming CaCO3 bonds, which influences the load trans-
fer between particles and hence the small-strain stiffness
and strength of MICP-treated sands. It is expected that
the matrix-supporting distribution (Fig. 1d) may not
improve the small-strain stiffness until the CaCO3 bridge
is formed between soil particles, while, in contact-
cementing, all CaCO3 deposits at the particle contacts,
which significantly increases the small-strain soil stiffness
(Martinez and DeJong, 2009; Montoya and DeJong,
2015; Lin et al., 2016a). For the grain-coating distribution,
only the small amount of CaCO3 precipitating at particle
contacts increases the small-strain stiffness of MICP-
treated sands. Therefore, the rate of small-strain stiffness
increases as a function of CaCO3 content for the grain-
coating distribution is expected to be slower than that of
contact-cementing distribution, which is confirmed by mea-
surements and modeling results discussed later in this
paper.
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Grain-coating and matrix-supporting
Fig. 1. SEM images of (a) Ottawa 50/70 sand, (b) Ottawa 20/30 sand, and (c) Bar sand; (d) three ideal distributions of CaCO3 crystals between sand
particles; (e) approximation of CaCO3 cementation between sand particles based on the cementation theory.
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To investigate the effects of pore-scale CaCO3 distribu-
tions on soil small-strain stiffness, the S-and P-wave veloc-
ities were calculated for the three ideal CaCO3 distributions
(e.g., contact-cementing, grain-coating, and matrix-
supporting) using two analytical models (cemented-sand
and uncemented-sand models) introduced by Mavko
et al. (1998). The details of these two models are discussed
later. The modeling results were then compared with the
measured S-and P-wave velocities reported by the research
team and other researchers to analyze the dominant pore-
scale CaCO3 distributions.
2.2.2. Permeability
The permeability of the MICP-cemented sands depends
on the size, shape, and continuity of the pore space, all of
which could be influenced by pore-scale CaCO3 distribu-
tions (Armstrong and Ajo-Franklin, 2011; Al Qabany
et al., 2012). Most studies on MICP-treated sands reported
that the measured permeability reduced by approximately
80% as CaCO3 content was increased up to 15%
(Yasuhara et al., 2011; Al Qabany and Soga, 2013;
Cheng et al., 2013; Martinez et al., 2013; Zamani et al.,
2019), with the exception of Whiffin et al. (2007), who
reported almost no change of the measured permeability
after the treatment. To investigate the effects of pore-
scale CaCO3 distributions on the permeability of MICP-
treated sands, the Panda-Lake model (Panda and Lake,
1995) was utilized to estimate the permeability reduction
of MICP-treated sands by incorporating three reduction
factors (porosity reduction factor, tortuosity reduction fac-
tor, and specific surface area reduction factor). Addition-
ally, the Kozeny-Carman model was used to estimate the
permeability reduction with CaCO3 content by considering
the reduction of the porosity only (Carman, 1937; Panda
and Lake, 1994; Carrier, 2003). The calculated permeabil-
ity using the Panda-Lake and Kozeny-Carman models
were then compared with measured permeability reported
in the literature. This comparison provides an analytical
model that can reasonably predict the permeability of
MICP-treated sands versus CaCO3 contents for different
types of sands.
3. Analytical models for estimating soil properties
3.1. Estimation of S-and P-wave velocities
3.1.1. Cemented-sand model
The cemented-sand model is used for estimating the
small-strain stiffness (hence S-and P-wave velocities) of
cemented sands based on the cementation theory
(Dvorkin and Nur, 1996; Mavko et al., 1998). Dvorkin
and Nur (1996) reported that this model had been success-
fully used to estimate the S-and P-wave velocities of high-
porosity sandstone for contact-cementing and grain-
coating distributions of quartz cementation in the pore
space. Here, the cemented-sand model was used to investi-
gate the effect of the pore-scale CaCO3 distributions on the
S-and P-wave velocities of MICP-treated sands. The pre-
dicted S-and P-wave velocities were then compared with
measured values from the literature to determine the dom-
inant CaCO3 distributions at the pore-scale.
The cemented-sand model incorporates two types of
cement distributions, contact-cementing and grain-coating
(Fig. 1d), both of which improve the inter-particle contacts.
For contact-cementing, the model assumes that cementing
material deposits only at inter-particle contacts. However,
for grain-coating, only a small amount of the cementing
material deposits at inter-particle contacts (Fig. 1d). The
cementation theory models soil particles as elastic spheres
and the cementing material as an elastic material. The the-
ory allows for determining the elastic properties (e.g., mod-
uli and deformation) of the elastic spheres (representing
soil particles) with elastic cementing material (CaCO3
cement in our case) at their contacts. Based on the cemen-
tation theory, the modulus of the mixture of the cement
(CaCO3 in our case) and spheres (soil particles) can be cal-
culated by considering the cement-soil particle interaction
as an elastic foundation (CaCO3 cementing material)
cemented to an elastic half-space (soil particle) assuming
the cement-soil particle contact region is much smaller than
the soil particle diameter (Fig. 1e and Dvorkin et al., 1991,
1994).
To calculate the S-and P-wave velocities (Vs and Vp), the
cemented-sand model was used to estimate the saturated
bulk and shear moduli of the cemented sand matrix (Ksat
and Gsat), which were in turn calculated using the effective
bulk and shear moduli (Keff and Geff) of the cemented sand
matrix for the contact-cementing and grain-coating distri-
butions. The Keff and Geff values were calculated using
the original porosity of soil without cementation (/0),
coordination number (C), constrained and shear moduli
of the cementing material (Mc and Gc), and normal and
tangential stiffness of the cemented particles (Sn and Ss)
as shown in Eqs. (1) and (2) (Digby, 1981; Dvorkin










Dvorkin et al. (1994) and Dvorkin and Nur (1996) pro-
vided statistical approximations of the cementation theory
solutions (with an error less than 1%) to calculate Sn and Ss
as shown in Table 1, which includes Eqs. (3)–(12) and def-
initions of different variables. Parameter a (the ratio of the
radius of the cement to the particle radius) was used in the
calculation of Sn and Ss to characterize both the contact-
cementing and grain-coating distribution conditions (Eqs.
(13) and (14)) at different CaCO3 saturation levels (S) in
the pore space.
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After calculating the effective bulk and shear moduli
(Keff and Geff) of the cemented sand matrix, the saturated
bulk and shear moduli of the cemented sand matrix (Ksat
and Gsat) were calculated using Gassmann’s equations
(Gassmann, 1951) shown in Table 2 (Eqs. (15)–(18)), which
also defines all needed parameters. The S-and P-wave
velocities of the cemented sand matrix were then calculated
using Eqs. (19) and (20) in Table 2. The input parameters
for this model and references for the used values are sum-
marized in Table 3. It is worth noting that the material
bulk and shear modulus, and material density listed in
Table 3 are standard values of quartz, calcite, and water
(Batzle and Wang, 1992; Helgerud et al., 1999; Kleinberg
and Dai, 2005). The original porosity (/0 = 0.41) of the
sand matrix was utilized, which is the average porosity of
the MICP-treated sand samples reported in the literature.
Based on the original porosity of 0.41, the coordination
number (C) of the tested soils was calculated as 7.4 (using
C = 14 minus 16/0, Santamarina et al., 2001), which pro-
vides a reasonable estimate of the coordination number for
loosely packed sand matrix according to Soga and Mitchell
(2005). For more details about the cemented-sand model,
the readers can refer to Dvorkin et al. (1991) and (1994),
Dvorkin and Nur (1996), Mavko et al. (1998).
3.1.2. Uncemented-sand model
The uncemented-sand model was used to predict the S-
and P-wave velocities of MICP-treated sands for the
matrix-supporting condition. In this model, the cement is
not expected to significantly improve the bulk and shear
moduli of the sand matrix at low cement contents since
the cement deposits away from the inter-particle contacts
(i.e., matrix-supporting condition, Kleinberg and Dai,
2005). The uncemented-sand model has been successfully
used to calculate S-and P-wave velocities of high-porosity
rock samples with limited contact cementation from the
North Sea (Dvorkin and Nur, 1996) and marine sediments
cemented with matrix-supporting gas hydrate (Helgerud
et al., 1999). The equations used to calculate the effective
bulk and shear moduli (Keff and Geff) of sands with
matrix-supporting CaCO3 distribution are shown in
Table 4.
This model is based on the Hertz-Mindlin contact the-
ory (Mindlin, 1949) and the Hashin-Shtrikman lower
bound theory (Hashin and Shtrikman, 1963; Dvorkin
et al., 1999). The Hertz-Mindlin contact theory describes
the mechanical interaction of uncemented spheres based
on particle friction and loading (or normal stresses). The
Hertz-Mindlin contact model was used to calculate the
effective bulk and shear moduli of sands without cementa-
tion (i.e., degree of CaCO3 saturation = 0%) (Eqs. (21) and
(22)). To extend the model for degrees of CaCO3 saturation
Table 2
Equations to calculate saturated bulk and shear moduli of the sand
matrix.
Equation Equation number










Gsat ¼ Geff (16)




















Note: Ksat and Gsat = saturated bulk and shear moduli of the cemented
sand matrix; Keff and Geff = effective bulk and shear moduli of the
cemented sand matrix; Kf and Km = bulk moduli for the pore fluid and
soil phase; / = fluid-filled porosity; /0 = original porosity of soil without
cementation; S = the cement saturation of the pore space; m = number of
the constituents of the solid phase; fi and Ki = volumetric fraction and
bulk modulus of the i-th constituent in the solid phase; Vp, Vs and q = S-
and P-wave velocities and bulk density of the cemented sand matrix.
Equations are obtained from Gassmann (1951), Hill (1952), Dvorkin et al.
(1999), and Kleinberg and Dai (2005).
Table 3
Parameters input for cemented-sand and uncemented-sand models.
Constituent K (Gpa) G (Gpa) r (kg/m3) t
Quartz 36a 44a 2650a 0.066d
Calcite 76.8b 32b 2710b 0.317d
Water 2.2c 0a 1000 0.5d
Note:
K and G = material bulk and shear moduli, respectively, r = the material
density, t= the material Poisson’s ratio.
a Kleinberg and Dai (2005).
b Helgerud et al. (1999).
c Batzle and Wang (1992).
d Mavko et al. (1998).
Table 1
Equations to calculate normal and tangential stiffness of the cemented
particles (Sn and Ss).
Equation Equation
number
Sn ¼ Ana2 þ Bnaþ Cn (3)
An ¼ 0:024153K1:3646n (4)
Bn ¼ 0:20405K0:89008n (5)
Cn ¼ 0:00024649K1:9864n (6)
Ss ¼ Asa2 þ Bsaþ Cs (7)
As ¼ 102ð2:26t2 þ 2:07tþ 2:3ÞK0:079t2þ0:1754t1:342s (8)
Bs ¼ ð0:0573t2 þ 0:0937tþ 0:202ÞK0:0274t2þ0:0529t0:8765s (9)
Cs ¼ 104ð9:654t2 þ 4:945tþ 3:1ÞK0:01867t2þ0:4011t1:8186s (10)
Kn ¼ 2Gcð1tÞ 1tcð ÞpGð12tcÞ (11)
Ks ¼ GcpG (12)
Note: Equations were derived by Dvorkin et al. (1991) and (1994) and
Dvorkin and Nur (1996), which can be generally used for different types of
cement. Parameter a (the ratio of the radius of the cement to the particle
radius) was calculated based on Eqs. (13) and (14); t and tc are the
Poisson’s ratio of the grains and cement; Gc and G are the shear moduli of
the cementing material and quartz.
948 H. Lin et al. / Soils and Foundations 60 (2020) 944–961
between 0% and 100%, the Hashin-Shtrikman lower bound
theory was utilized. The Hashin-Shtrikman lower bound
model assumes that the composite materials (i.e., sand
matrix with the matrix-supporting cementing condition in
this study) are macroscopically homogeneous, isotropic,
and multi-phase. The bulk properties of the solid phase
could be derived from the property of the constituents
(i.e., sand and CaCO3 in this study) and their volume frac-
tions by Hill’s average formula (Eqs. (18) and (26)). The
Hashin-Shtrikman lower bound model derived the low
boundary values of the effective elastic moduli of compos-
ite materials by considering that the spheroidal intrusions
(i.e., sand particles along with CaCO3 cementation) are dis-
persed in a different matrix (i.e., pore water in this study)
(Eqs. (23), (24), and (25)). At 100% degree of CaCO3 satu-
ration, the effective elastic moduli of sands are composed of
moduli of the proportional solid phases (i.e., sand and
CaCO3) and calculated by the Hill’s average formula
(Eqs. (18) and (26)). The saturated bulk and shear moduli
(Ksat and Gsat) and S-and P-wave velocities of sands with
matrix-supporting were then calculated using Gassmann’s
equations listed in Table 2. The material input parameters
for this model were the same as those used for the
cemented-sand model as shown in Table 3. It is important
to note that the calculated S-and P-wave velocities of the
uncemented-sand model depend on the effective confining
pressures (p) as shown in Eqs. (21) and (22) since the sands
are not fully cemented under matrix-supporting condition
(i.e., the CaCO3 deposited away from the inter-particle
contacts). To estimate the lower bound values of the S-
and P-wave velocities of MICP-treated sands, a low effec-
tive confining pressure (p) of 1 kPa was selected for the
uncemented-sand model calculation.
3.2. Estimation of permeability
3.2.1. Kozeny-Carman model
In this study, the Kozeny-Carman (Carman, 1937;
Dullien, 1992; Panda and Lake, 1994; Carrier, 2003) and
Panda-Lake (Panda and Lake, 1995; Davis et al., 2006)
models were used to estimate the permeability of MICP-
treated sands at different CaCO3 contents. The general
Kozeny-Carman model is shown in Eq. (27) (Dullien,






where k is the permeability of the sand matrix, /0 is the
original porosity, SF is the shape factor, s is the tortuosity
of the sand matrix, av is the specific surface area (surface
area of the grain/the volume of the grain). The tortuosity
and specific surface area characterize the connectivity and
pore size of the pore throat in the sand matrix, respectively.
This study used a modified Kozeny-Carman model devel-
oped by Panda and Lake (1994) to calculate the permeabil-
ity of sands by considering the particle size distribution. In
the modified Kozeny-Carman model, the s (tortuosity of
the sand matrix) and av (specific surface area) are calcu-
lated from the statistical parameters of the particle size dis-
tribution (i.e., mean particle diameter, Dp, variance, r, and
skewness, c) as shown in Eqs. (28) and (29) in Table 5. The
statistical parameters of the particle size distribution were
obtained using the software GRADISTAT, which is used
Table 5
Equations of panda-lake model to calculate permeability of the cemented-
sand matrix.
Equation Equation number
s ¼ 2:5ð1þ ðr=DpÞ2Þ (28)
aV ¼ 6ðr2 þ D2pÞ=ðcr3 þ 3Dpr2 þ D3pÞ (29)
Panda-Lake equation: k ¼ /30
SFsð1/0Þ2a2v





Pore-filling: bs ¼ ð1þ 2Sð1SÞ/0:330 Þ
2
(32)
Pore-bridging: bs ¼ ð1þ RS1SÞ
2
(33)
bav ¼ ð1/01/ þ avcav PcÞ
2
(34)
Note: s = tortuosity of the sand matrix without CaCO3 cementation;
aV = specific surface area of sand grains; r = standard deviation of the
particle size distribution; Dp = the statistical mean particle diameter of the
particle size distribution; c = the statistical skewness of the particle size
distribution; k = the permeability of the sand matrix; /0 = the original
porosity; / = fluid-filled porosity under cementation; SF = shape factor;
b/ = porosity reduction factor; bs = tortuosity reduction factor; bav =-
specific surface area reduction factor; S = cement saturation of the pore
space; R = a constant ranging between 1 (for thick particles) and 10 (for
thin and long crystals), used as 2 for CaCO3 crystals in our study based on
Panda and Lake (1995); Pc = fraction of CaCO3 volume to the total
volume of solids; avc = specific surface area of the CaCO3 crystals, see
Table 6 for values.
Table 4












































Note: Khm and Ghm = effective bulk and shear moduli of the sand matrix
without cement from the Hertz-Mindlin contact theory; C = coordination
number; Gm, and tm = shear modulus and Poisson’s ratio of the solid
phase; P = effective confining pressure; Kd and Gd = effective bulk and
shear moduli of the sand matrix with matrix-supporting from the Hashin-
Strikman theory (Hashin and Shtrikman, 1963); /0 = original porosity of
soil without cementation; / = fluid-filled porosity; m: number of the
constituents of the solid phase; fi and Gi = volumetric fraction and shear
modulus of the i-th constituent in the solid phase. Equations are obtained
from Mindlin (1949), Hill (1952), Dvorkin and Nur (1996), and Dvorkin
et al. (1999).
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for the rapid analysis of grain size statistics from the sieve
analysis (Blott and Pye, 2001). For modeling the MICP-
treated sands, tortuosity (s) and specific surface area (av)
were assumed to be constant when using the modified
Kozeny-Carman model (i.e., only porosity (/0) is expected
to be decreased with the increase of the CaCO3 content).
3.2.2. Panda-Lake model
The Panda-Lake model considers the effect of cementa-
tion on permeability, as shown in Eq. (30) in Table 5
(Panda and Lake, 1995). The Panda-Lake model estimates
the permeability of cemented soils by considering three dif-
ferent cementation distributions - pore-lining, pore-filling,
and pore-bridging - as shown in Fig. 2 (Neasham, 1977).
When compared to the three ideal CaCO3 distributions
(shown in Fig. 1d) used for estimating S- and P-wave veloc-
ities, it is concluded that pore-lining and pore-filling distri-
butions are similar to the grain-coating of CaCO3
distribution and pore-bridging distribution is similar to
the matrix-supporting of CaCO3 distribution.
Contact-cementing distribution was not considered in
the Panda-Lake model (Panda and Lake, 1995). Contact-
cementing distribution, in which CaCO3 deposits only at
the particle contacts, may have minimal effects on the size
and the tortuosity of the pore throat and the permeability,
especially at low CaCO3 contents (Kleinberg et al., 2003;
Al Qabany and Soga, 2013). As the CaCO3 content
increases, the contact-cementing distribution may show
apparent permeability reduction as the CaCO3 deposits at
the particle surfaces, extends into the pore space, and
reduce the pore throat size and tortuosity, which is similar
to the grain-coating condition (i.e., pore-lining and pore-
filling distributions). Thus, the contact-cementing distribu-
tion of CaCO3 was included in the pore-lining and pore-
filling distributions of the Panda-Lake model.
The Panda-Lake model incorporates three reduction
factors - porosity reduction factor (b/), tortuosity reduc-
tion factor (bs), and specific surface area reduction factor
(bav) - to account for the permeability reduction due to
cementation as shown in Eq. (30). These correction factors
were derived based on the analytic geometry of three ideal-
ized cementation distributions (pore-lining, pore-filling,
and pore-bridging as shown in Fig. 2) in sand matrix and
considering the cementation saturation of the pore space
(S), and the specific surface area of the cement crystals
(avc) as shown in Eqs. (31)–(34) in Table 5. Different
cementation distributions affect the tortuosity reduction
factors (bs) as shown in Eqs. (32)–(33) for pore-filling
and pore-bridging distributions, respectively. The tortuos-
ity reduction factor (bs) is assumed to be 1 (i.e., no reduc-
tion) for the pore-lining distribution as its cement
distribution (lining shape cementation on the particle sur-
face) has minimal effect on the pore structure as shown in
Fig. 2. Panda and Lake (1995) validated their model
against the measured permeability of hydrocarbon-
bearing sandstones. This model was also used to estimate
the permeability of carbonate cemented fluvial sand
(Davis et al., 2006).
Results of permeability tests reported in the literature
were used to compare the measured permeability of
MICP-treated sands with those estimated using the modi-
fied Kozeny-Carman and Panda-Lake models. The input
parameters of different types of sands from the literature
are summarized in Table 6. The densities of CaCO3 and
quartz are summarized in Table 3, and unit weight and vis-
cosity of water used with the model are 9.8 kN/m3 and
0.0013 Pa∙S, respectively. A shape factor (SF) of 3 was used
as recommended by Dullien (1992). The tortuosity (s) and
the specific surface area (av) of the sand matrix were calcu-
lated using Eqs. (28) and (29) in Table 5. The software
GRADISTAT (Blott and Pye, 2001) was used to obtain
the statistical parameters of the particle size distribution
(i.e., mean particle diameter, Dp, variance, r, and skew-
ness, c) for Eqs. (28) and (29). The specific surface area
of the cementing material (i.e., CaCO3) was estimated using
the equation suggested by Panda and Lake (1995) who rec-
ommended using 6 divided by the average diameter of the
precipitated CaCO3 crystals as shown in Table 6. The aver-
age diameters of the precipitated CaCO3 crystals in Table 6
were calculated based on the sizes of CaCO3 crystals shown
in the SEM images of each study. It is important to note
that the sizes of CaCO3 can vary considerably from a few
micrometers to a few tens of micrometers, which could
be affected by many variables such as chemical concentra-
tions, reaction rates, and bacterial and enzyme activities
(Yasuhara et al., 2011; Al Qabany et al., 2012; Al
Qabany and Soga, 2013). Thus, the average diameters of
the precipitated CaCO3 shown in Table 6 are approximate
values.
4. Results
4.1. S-and P-wave velocities
4.1.1. Calculated S-and P-wave velocities
As discussed before, the cemented-sand model was used
to calculate the S-and P-wave velocities for contact-
Fig. 2. Pore-scale cement distributions used by the Panda-Lake model to
estimate the permeability of the cemented soil matrix.
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cementing and grain-coating CaCO3 distributions, while
the uncemented-sand model was used to calculate the S-
and P-wave velocities for the matrix-supporting CaCO3
distribution. A graph of the S-and P-wave velocities versus
CaCO3 contents for these three ideal CaCO3 distributions
is shown in Fig. 3. The results include CaCO3 content rang-
ing from 0 to 71%, representing the CaCO3 saturation level
from 0 to 100% as shown in Fig. 3a.
In the contact-cementing model, CaCO3 deposits at the
inter-particle contacts only (Fig. 1d), which significantly
improves the modulus of the sand matrix, enabling the
highest increasing rate of the S-wave velocity at small
CaCO3 content as compared to the other two ideal CaCO3
distributions (Fig. 3b). As CaCO3 content increases beyond
0.7%, the S-wave velocity increased with a much slower
rate and reached a plateau due to the already full occupa-
tion of CaCO3 at the inter-particle contacts. For the grain-
coating model, the CaCO3 deposits around the sand parti-
cles with part of the CaCO3 deposited at the particle con-
tacts. The S-wave velocity for the grain-coating condition
increases with the CaCO3 content at a rate slower than that
of the contact-cementing model. As the CaCO3 content
increases beyond 2%, the S-wave velocity increases with a
lower rate till reaching a plateau at 100% saturation level.
It is worth noting that the contact-cementing curve reached
the plateau at smaller CaCO3 content than the grain-
coating curve (CaCO3 content of 40% vs. 65%). For the
matrix-supporting model, at low CaCO3 contents, the
cementation does not improve the bulk and shear moduli;
thus, the S-wave velocity is significantly smaller (Fig. 3b).
When the CaCO3 content exceeds 20% (CaCO3 saturation
level exceeds 30%), an apparent increase of the S-wave
velocity was observed, increasing from 260 to 2500 m/s,
which is attributed to the formation of the CaCO3 bridge
cementing between sand particles.
Fig. 3c shows the variation of the calculated P-wave
velocities versus CaCO3 contents for three ideal CaCO3 dis-
tributions. The variation of the P-wave velocities with
CaCO3 contents ranging from 0% to 30% (i.e., CaCO3 sat-
uration level between 0% and 44%) is similar to the varia-
tion of S-wave velocities as shown in Fig. 3b. This is
because the increase of the P-wave velocities during this
stage is mainly controlled by the increase of the saturated
shear modulus of the cemented sand matrix. However, as
CaCO3 content increases beyond 30%, the P-wave veloci-
ties start increasing again without showing a plateau of
the S-wave velocities. The P-wave velocities showed a pro-
gressive increase for all three ideal CaCO3 distributions and
reached the maximum P-wave velocities of ~ 5290 m/s at
the CaCO3 saturation level of 100%. This is attributed to
the increase of the saturated bulk modulus (i.e., change
from fully porewater occupied to fully CaCO3 occupied
pore space) of the cemented sand matrix.
4.1.2. Sensitivity analysis of calculated S-wave velocities
The sensitivity of the calculated S-wave velocities to the
values of input parameters (CaCO3 densities, coordination
numbers, and porosities) was evaluated. Different CaCO3
crystal morphologies were observed during the MICP
treatment, which could result in different densities of
CaCO3 crystal structure. Two densities of CaCO3 [2.71
and 1.62 g/cm3 for polymorph and amorphous precipitated
CaCO3 based on the values reported in Helgerud et al.
(1999) and Weil et al. (2011)] were used in the models
and the comparisons are shown in Fig. 4a. The S-wave
velocity using CaCO3 density of 1.62 g/cm
3 showed a
higher increasing rate when compared to that of CaCO3
density of 2.71 g/cm3 regardless of the CaCO3 distribution
types. At the CaCO3 saturation level of 100%, the maxi-
mum difference of S-wave velocities for all three CaCO3
distributions was 9.6% when using CaCO3 densities of
1.62 g/cm3 and 2.71 g/cm3. Furthermore, the maximum
CaCO3 content (when no void space exists in the sand
matrix and CaCO3 saturation level is100%) reduced from
71% to 42.5% for all three CaCO3 distributions as CaCO3
density decreased from 2.71 g/cm3 to 1.62 g/cm3.
In addition to the CaCO3 density, the effects of original
porosity (/0) and coordination number (C) of the sand
matrix on the variation of the S-wave velocities were also
investigated (Fig. 4b and c). The original porosity (/0)
Table 6
Parameters input for Kozeny-Carman and Panda-Lake models.
Sand Type /0















Ottawa 50/70 37 2.58 20.1 10 600 Martinez et al. (2013)
British Grade D 39 2.59 32.6 5 1200 Al Qabany and Soga (2013)
Toyoura 44 2.65 32.4 20 300 Yasuhara et al. (2011)
Fine 39 2.68 28.4 33 180 Cheng et al. (2013)
Coarse 39 2.57 8.9 33 180
Nevada 41 2.86 41.2 10 600 Zamani et al. (2019)
Note:
a Averaged porosity in each study.
b Calculated using Eqs. (28) and (29) and statistical parameters of the particle size distributions from the software GRADISTAT (Blott and Pye, 2001;
Panda and Lake, 1995).
c Calculated approximately based on the CaCO3 sizes in the SEM images of each study.
d avc = 6/average diameter of the CaCO3 crystals (Panda and Lake, 1995).
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reported in the literature of MICP-treated sands ranged
from 0.35 to 0.43 for various types of sands (Table 8).
The porosities from 0.35 and 0.43 were used in the models.
As the porosity decreased from 0.43 to 0.35, the maximum
CaCO3 content reduces from 77.1% to 55.1% with a negli-
gible change of the S-wave velocities (Fig. 4b). Based on
the reported porosity of 0.35 to 0.43 from the literature,
the typical range of the coordination number (C) is
between 7 and 8.5 (Santamarina et al., 2001). As the coor-
dination number increased from 7 to 8.5, the maximum S-
wave velocities increased by 9% without any change of the
maximum CaCO3 content (Fig. 4c). It is important to note
that measured CaCO3 contents from literature mainly
range from 0 to 10% (as shown in Fig. 5 and discussed in
the next section). For CaCO3 contents ranging between 0
and 10%, the effects of varying input parameters (CaCO3
densities, coordination numbers, and porosities) on the
variation of the S-wave velocities are small as shown in
Fig. 4 with a maximum difference of only 10%. Thus, the
calculated S-wave velocities from the cemented-sand and
uncemented-sand models can be used to compare with
the measured S-wave velocities with varying CaCO3
densities, porosity, and coordination numbers from the
literature.
Fig. 3. (a) Schematic illustration of CaCO3 saturation levels; (b) calcu-
lated S-wave velocities and (c) calculated P-wave velocities versus CaCO3
contents based on three ideal CaCO3 distributions: contact-cementing,
grain-coating, and matrix-supporting.
Fig. 4. Sensitivity analysis of the cemented-sand and uncemented-sand
models using (a) CaCO3 densities of 2.71 and 1.62 g/cm
3, (b) porosities of
0.35 and 0.43, and (c) coordination numbers of 7 and 8.5, note: CC,
contact-cementing, GC, grain-coating, MS, matrix-supporting.
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4.1.3. Measured S-wave velocities from literature
The measured S-wave velocities versus CaCO3 contents
reported by several researchers are summarized in Fig. 5,
which includes eight types of sands, Ottawa 50/70, Ottawa
20/30, Bar, Nevada, Concrete, Ottawa F-65, Keisha No.4,
and Toyoura sands. The basic properties of sands reported
in the literature are shown in Table 7. The testing informa-
tion for each study in the literature is summarized in
Table 8. Fig. 5a demonstrates a general trend that S-
wave velocity increases with CaCO3 content. Initial S-
wave velocities with 0% CaCO3 content ranged from 54
to 326 m/s. The data indicate upper and lower bounds of
the measured S-wave velocities, which were included in
Fig. 5a. The upper bound seems to show an increasing
phase. For the lower bound, the data shows that the S-
wave velocity versus CaCO3 content seems to show a lag-
ging phase and an increasing phase. The lagging phase at
the beginning of the lower bound ranged from CaCO3 con-
tent of 0% to ~1% where the shear wave velocity does not
increase, which is probably attributed to CaCO3 spatial
deposition and precipitation away from the inter-particle
contacts (e.g., matrix-supporting). The observed increasing
phase of the S-wave velocities indicates that the CaCO3
deposited at the particle contacts (either contact-
cementing and/or grain-coating). The lagging phase fol-
lowed by the increasing phase of the S-wave velocities
was also reported by Nafisi et al. (2019) for Nevada sand.
Estimation of the S-wave velocities versus CaCO3 contents
using a best-fit linear equation has been proposed by sev-
eral authors (Al Qabany et al., 2011; Weil et al., 2011;
Martinez et al., 2013). However, as shown in Fig. 5a, a lin-
ear equation is difficult to simulate the wide variation of the
S-wave velocities versus CaCO3 contents. This wide range
variation of the S-wave velocities could be attributed to
the differences of testing systems, sand particle shape and
sizes, varying porosities, coordination numbers, degrees
of saturation, applied confining pressures, urea and CaCl2
concentrations, and pore-scale CaCO3 distributions (Weil
et al., 2011; Simatupang et al., 2018).
Fig. 5b shows the relationship between the normalized
S-wave velocities and CaCO3 contents. Normalized S-
wave velocities (v/vo) were calculated by dividing the mea-
sured shear wave velocities by their initial S-wave velocities
(vo) before MICP treatment. As shown in Fig. 5a and b, the
relationship between the S-wave velocities and CaCO3 con-
tents of Ottawa 50/70 sand (D10 = 0.26 mm) shows a large
scatter. In Fig. 5b, Ottawa 50/70 sand has a wide range of
increasing rates of the normalized S-wave velocities with
CaCO3 contents. The highest increasing rate of the normal-
ized S-wave velocities in Fig. 5b is Ottawa 50/70 sand of
Martinez et al. (2013). While Ottawa 50/70 sand also exhi-
bits lower increasing rates as shown in Nafisi et al. (2019).
This significant variation may be due to the differences of
the sensing systems, varying relative densities, applied con-
fining pressures, urea and CaCl2 concentrations, and pore-
scale CaCO3 distributions of each study. Bar, Ottawa F-65,
Keisha No.4 and Toyoura sands are distributed in the mid-
dle zone of the database, showing the modest increasing
rates of the normalized S-wave velocities among all sand
types. The data of Ottawa 20/30 sand (D10 = 0.58 mm)
shows the second-highest increasing rates of the normal-
ized S-wave velocities (lower than Ottawa 50/70 sand of
Fig. 5. (a) Measured S-wave velocities and (b) normalized S-wave
velocities versus CaCO3 contents from literature (color figure).
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Martinez et al., 2013). High increasing rates of the S-wave
velocities could be attributed to the higher effective CaCO3
content deposited at the inter-particle contacts than other
types of sands as observed by Lin et al. (2016a). Nevada
sand (D10 = 0.097 mm) has the lowest increasing rate of
the normalized S-wave velocities among all types of sand
as shown in Fig. 5a and b. The increasing rates of the nor-
malized S-wave velocities of Concrete sand
(D10 = 0.18 mm) are lower than Ottawa 20/30 sand but
higher than Nevada sand. Fig. 5b demonstrates that the
normalized S-wave velocities have higher increasing rates
for sands with higher D10 (Table 7). Ottawa 50/70 and
20/30 sands (D10 = 0.26 and 0.58 mm) have the highest
increasing rates of the normalized S-wave velocities. While
Nevada sand (D10 = 0.097 mm) has the lowest increasing
rates of the normalized S-wave velocities. Furthermore,
higher increasing rates of the S-wave velocities with D10
may indicate that pore-scale CaCO3 distributions may be
affected by the pore size of the sand matrix (controlled by
D10). Larger pore size may allow fast advection of nutrient
and bacteria and deposition of CaCO3 to inter-particle
contacts. The increasing rates of the normalized S-wave
velocities with D10 of sands are generally consistent with
the results of the treatment rates (Dvs/Dt) versus D10 of
Mortensen et al. (2011) and CaCO3 contents versus D10
of Rebata-Landa (2007).
Table 8
Test conditions of MICP-treated sands from literature.
Sand Type /0 (%) Dr (%) r03 (kPa) Urea (mM) CaCl2 (mM) Reference
Ottawa 20/30 39 40 25/50/ 100 333 100 Lin et al. (2016a)
38–39 40–60 100 333 100 Weil et al. (2011)
39–40 36–42 10/100/400 333 100 Nafisi et al., 2019
Ottawa 50/70 43 40 25/50/100 333 100/300 Lin et al. (2016a)
43 40 100 333 50 Montoya and DeJong (2015)
38 84 N/A 500 250 DeJong et al. (2014)
35–38 79–100 100 50/333 50/100 Martinez et al. (2013)
43 40 0.1–0.7 g 1000 500 Montoya et al. (2013)
40–43 40–60 100 333 100 Weil et al. (2011)
42 35 100 50/100/250/500 50/100/250/500 Al Qabany et al. (2011)
42–43 36–45 10/100/400 333 100 Nafisi et al. (2019)
Bar 42 29 N/A 333 300 Lin et al. (2016b and 2017)
Itterbeck 38 N/A N/A 1100 1100 Whiffin et al. (2007)
Grade D 37–44 50–100 20 250/500/1000 250/500/1000 Al Qabany and Soga (2013)
Toyoura 44 49 50 500/1000 500/1000 Yasuhara et al. (2011)
N/A 50 50/100/200 N/A N/A Simatupang et al. (2018)
Fine 39 N/A N/A 1000 1000 Cheng et al. (2013)
Coarse 39 N/A N/A 1000 1000
Concrete Sand N/A 43–51 9.8 350 250 Gomez et al. (2018)
Ottawa F-65 41 38 4 350 250 Darby et al. (2019)
Keisha No.4 N/A 50 50/100/200 N/A N/A Simatupang et al. (2018)
Nevada 41 57 0 333 50 Zamani et al. (2019)
42–43 36–42 10/100/400 333 100 Nafisi et al. (2019)




Sand type D10 (mm) D50 (mm) Cu Gs emax emin Reference
Ottawa 20/30 0.58 0.71 1.17 2.65 0.74 0.51 Lin et al. (2016a)
Ottawa 50/70 0.26 0.33 1.2 2.65 0.87 0.55 Lin et al. (2016a)
Bar sand 0.18 0.30 2.11 2.65 0.79 0.55 Lin et al. (2016b and 2017)
Itterbeck sand 0.11 0.17 1.7 2.65 N/A N/A Whiffin et al. (2007)
British Grade D sand 0.15 0.17 1.23 2.65 0.99 0.59 Al Qabany and Soga (2013)
Toyoura sand 0.16 0.19 1.25 2.65 1 0.60 Yasuhara et al. (2011)
Fine sand 0.16 0.23 1.55 2.62 N/A N/A Cheng et al. (2013)
Coarse sand 0.53 0.69 1.34 2.62 N/A N/A Cheng et al. (2013)
Concrete sand 0.18 1.07 N/A N/A N/A N/A Gomez et al. (2018)
Ottawa F-65 0.14 0.2 1.61 2.65 0.83 0.51 Darby et al. (2019)
Keisha No.4 0.5 0.83 1.84 2.65 0.80 0.61 Simatupang et al. (2018)
Nevada sand 0.097 0.13 1.7 2.65 0.86 0.56 Zamani et al. (2019)
Note: D10 = Particle diameter corresponding to 10% finer; D50 = Particle diameter corresponding to 50% finer; Cu = D60/D10 = coefficient of uniformity;
Gs = specific gravity; emax = maximum void ratio; emin = minimum void ratio; N/A = not available.
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4.1.4. Comparison of calculated and measured S-and P-wave
velocities
To determine the dominant pore-scale CaCO3 distribu-
tions in the MICP-treated sands, the calculated and mea-
sured S-wave velocities were compared as shown in
Fig. 6a and b. The variations of the calculated S-wave
velocities versus the full range of CaCO3 contents from 0
to 71% (corresponds to the CaCO3 saturation level from
0 to 100%) are shown in Fig. 6a. Although measured S-
wave velocities (by bender element sensors) reported in
the literature correspond to CaCO3 contents ranged from
0 to 10%, higher CaCO3 contents up to 50% from the
MICP treatment were reported in the literature (van
Paassen et al., 2010; Phillips et al., 2012; Mahawish et al.,
2019). Furthermore, potential future MICP applications
for ground improvement using soil-mixing construction
technique and for fracture sealing near wellbore environ-
ment may require much higher CaCO3 content (Jones
and Detwiler, 2016; Phillips et al., 2016). Thus, the calcu-
lated S-wave velocities versus the full range of CaCO3 con-
tents are reported in this study. The initial S-wave velocities
with 0% CaCO3 content are 246 m/s for contact-cementing
and grain-coating and 214 m/s for matrix-supporting. The
measured S-wave velocities from all available studies and
modeling results for the range of measured CaCO3 con-
tents are compared in Fig. 6b. This comparison demon-
strates that most measured data points are located
between the grain-coating and matrix-supporting models,
with the upper boundary of the measured S-wave velocities
matching the grain-coating curve. When calculating the
increasing rates of the S-wave velocities (slope), the increas-
ing rate of the measured upper bound S-wave velocities is
similar to the slope of the grain-coating model. Based on
the comparison of the S-wave velocities, it can be con-
cluded that the dominant CaCO3 distributions of the
MICP-treated sands are a combination of ideal grain-
coating and matrix-supporting CaCO3 distributions, which
is supported by the SEM images as shown in Fig. 1. It is
also worth noting that Keisha No. 4 and Toyoura sands
were treated under unsaturated conditions (degrees of sat-
uration = 30% and 97%, Simatupang et al., 2018). The
measured S-wave velocities reported by Simatupang et al.
(2018) are within the range of the reported S-wave veloci-
ties from the literature, confirming that the CaCO3 distri-
butions in the unsaturated sand matrix are also a
combination of grain-coating and matrix-supporting con-
ditions. This database of the S-wave velocities can be used
as a reference for future lab and field S-wave velocity mea-
surements to estimate the range of CaCO3 contents pro-
duced during the MICP treatment.
The variations of the P-wave velocities based on the
cemented-sand and uncemented-sand models were also cal-
culated and compared with the measured P-wave velocities
from Lin et al. (2016a) as shown in Fig. 7. The calculated
P-wave velocities are similar to the measured P-wave veloc-
ities at CaCO3 content of 0% (approximate 1668 m/s).
When compared to the calculated P-wave velocities
(Fig. 7b), the measured P-wave velocities were also between
grain-coating and matrix-supporting models, which is
Fig. 6. Measured S-wave velocities compared with calculated S-wave
velocities from the cemented-sand and uncemented-sand models versus (a)
full range and (b) small range of CaCO3 contents (color figure).
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consistent with the comparison of the S-wave velocities
shown in Fig. 6. Based on these comparisons of S-and P-
wave velocities, it is concluded that the dominant CaCO3
distributions in the pore space are a combination of ideal
grain-coating and matrix-supporting CaCO3 distributions.
The real CaCO3 distributions in sand matrix may be a
combination of those three ideal CaCO3 distribution types
(Martinez and DeJong, 2009; Lin et al., 2016a). Quantify-
ing the percentage of each distribution type in a sand
matrix may be achieved by X-ray computed tomography
(CT) imaging (Terzis and Laloui, 2018; Mahawish et al.,
2019; Chen et al., 2020). Next, the variation of the perme-
ability of MICP-treated sands under these two ideal
CaCO3 distributions will be discussed.
4.2. Permeability
4.2.1. Calculated permeability from Kozeny-Carman and
Panda-Lake models
Fig. 8 shows an example of the relationship between per-
meability and CaCO3 contents calculated using the
Kozeny-Carman and Panda-Lake models. The input
parameters for both models shown in Fig. 8 were calcu-
lated based on the test conditions of Al Qabany and
Soga (2013) as summarized in Table 6. The Kozeny-
Carman curve consists of two parts; approximately linear
reduction between 0 and 40% CaCO3 contents and nonlin-
ear reduction for CaCO3 contents larger than 40%. In
Fig. 8, the Panda-Lake models include three curves with
three ideal pore-scale CaCO3 distributions (pore-lining,
pore-filling, and pore-bridging). Based on the previous dis-
cussion, pore-lining and pore-filling distributions are simi-
lar to the grain-coating of CaCO3 distribution and pore-
bridging distribution is similar to the matrix-supporting
of CaCO3 distribution. The three Panda-Lake modeling
curves generally consist of three parts; initial reduction (0
to 10% CaCO3 contents), linear reduction (10% to 45%
CaCO3 contents), and nonlinear reduction (after 45%
CaCO3 contents). The comparison between the pore-
lining Panda-Lake and the Kozeny-Carman models at dif-
ferent CaCO3 contents shows that the permeability of the
pore-lining Panda-Lake model is 2 orders of magnitude
lower than the Kozeny-Carman model on average. The
permeability of the pore-filling Panda-Lake model is
approximately 50%, 80%, 2, and 3 orders of magnitude
lower than the pore-lining Panda-Lake model at 10, 20,
45, and 60% CaCO3 contents, respectively. The permeabil-
ity estimated from the pore-bridging Panda-Lake model is
similar to the pore-filling Panda-Lake model with differ-
ences of less than 0.5 orders of magnitude.
Fig. 8 demonstrates that the variation of the permeabil-
ity versus CaCO3 content depends on the pore-scale
CaCO3 distributions which modify the structure and the
pattern of the pore fluid channel (Armstrong and Ajo-
Franklin, 2011; Al Qabany et al., 2012). Panda-Lake model
incorporates three reduction factors (porosity reduction
factor, b/, tortuosity reduction factor, bs, and specific sur-
face area reduction factor, bav) to consider the pattern and
structure of the pore fluid channel in cemented sands.
Fig. 7. Measured P-wave velocities compared with calculated P-wave
velocities from the cemented-sand and uncemented-sand models versus (a)
full range and (b) small range of CaCO3 contents.
Fig. 8. Calculated permeability versus CaCO3 contents using Kozeny-
Carman and Panda-Lake models with different pore-scale CaCO3 distri-
butions (pore-lining, pore-filling, and pore-bridging).
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However, the Kozeny-Carman model only considers the
reduction of the porosity. This difference between the two
models results in higher permeability estimates using the
Kozeny-Carman model as compared to the Panda-Lake
model. For the Panda-Lake model, the pore-lining curve
considers the reduction of the porosity and specific surface
area but assumes the reduction of tortuosity is constant
(e.g., bs = 1) since its cement distribution (lining shape
cementation on the particle surface) does not affect the
pore structure as shown in Fig. 2. For pore-filling and
pore-bridging distributions, however, the tortuosity is
changed and the models consider all three reduction fac-
tors, which results in the lower calculated permeability
(Fig. 8). The slight differences between pore-filling and
pore-bridging curves are attributed to the different CaCO3
distribution patterns (Fig. 2) which resulted in different cal-
culated tortuosity reduction factors (Table 5). The varia-
tion of the permeability of MICP-treated sands is affected
by the change of porosity, tortuosity, and specific surface
area of the CaCO3 crystals (Panda and Lake, 1995;
Armstrong and Ajo-Franklin, 2011), which needs to be
modeled using the Panda-Lake model with pore-filling or
pore-bridging distributions that incorporate three reduc-
tion factors. It is also important to note that within the
range of measured CaCO3 contents (0–15%) reported in
the literature, the differences among the pore-filling and
pore-bridging curves of the Panda-Lake model are rela-
tively small (maximum 30% difference). Thus, the compar-
ison between calculated and measured permeability
discussed in the next section will focus only on the use of
the Panda-Lake model with pore-filling CaCO3
distribution.
4.2.2. Comparison of calculated and measured permeability
Both laboratory-measured and model-calculated perme-
ability were compared for different types of sands in Fig. 9.
Measured permeability is reported for seven types of sands
including Ottawa 50/70 (Martinez et al., 2013), British
Grade D (Al Qabany and Soga, 2013), Toyoura
(Yasuhara et al., 2011), Fine and coarse (Cheng et al.,
2013), Itterbeck (Whiffin et al., 2007), and Nevada sands
(Zamani et al., 2019). The soil properties of those sands
and test conditions are summarized in Tables 7 and 8.
The material parameters used for modeling input are listed
in Table 6. The comparison between the measured perme-
ability and pore-filling Panda-Lake model presented in
Fig. 9 demonstrates a relatively good match. While the
Kozeny-Carman model estimated much higher permeabil-
ity when compared to the measured data.
British Grade D and Itterbeck sands have similar parti-
cle size distributions, and thus presented together in
Fig. 9a. The permeability of the British Grade D sand
has the most significant amount of data compared to other
types of sand with porosity ranging from 37 to 44% and
urea and calcium chloride concentrations of 0.25, 0.5,
and 0.1 M (Table 8, Al Qabany and Soga, 2013). The Itter-
beck sand was prepared at 38% porosity with urea and cal-
cium chloride concentrations of 1.1 M. For British Grade
D sand, the measured permeability without MICP treat-
ment ranges from 1.27  104 to 2.4  105 m/s, and the
lowest permeability after MICP treatment is ~ 1.4  106
m/s at CaCO3 content of 6.9%. The permeability estimated
by the pore-filling Panda-Lake model presents similar val-
ues (ranging from 1.4  104 to 4.4  106 m/s) at the
same range of CaCO3 contents (0 to 6.9%) with a maxi-
mum difference of one order of magnitude. The measured
permeability of the Itterbeck sand is almost constant
(9.4  106 m/s) at CaCO3 content between 1.1% and
6.4%, which does not match the common reduction trend
of the measured permeability of sands reported by other
researchers. Cheng et al. (2013) performed permeability
tests using fine and coarse sands at a porosity of 39%
and different degrees of saturation (i.e., 30%, 65%, and
100%) with urea and calcium chloride concentrations of
1 M (Table 8). The permeability predicted by the pore-
filling Panda-Lake model matched well with the measured
permeability at different degrees of saturation (Fig. 9b and
c). This match confirms that the CaCO3 distributions in the
unsaturated sand matrix are similar to the pore-filling dis-
tribution (i.e., grain-coating distribution) which is also evi-
denced by the SEM imaging reported by Cheng et al.
(2013). Yasuhara et al. (2011) used Toyoura sand for per-
meability tests at a porosity of 44% with urea and calcium
chloride concentrations of 0.5 and 1 M (Table 8). The mea-
sured permeability (Yasuhara et al., 2011) showed a similar
trend to that of the pore-filling Panda-Lake model
(Fig. 9d). For Ottawa 50/70 sand, the calculated permeabil-
ity of the pore-filling Panda-Lake model was approxi-
mately 80% lower than the laboratory measurements.
However, the permeability of the pore-bridging model
has a good match with the measured data as shown in
Fig. 9e. Pore-bridging distribution of CaCO3 could be
dominant in the pore space of the cemented Ottawa
50/70 sand. Zamani et al. (2019) used Nevada sand for per-
meability tests at a porosity of 41% with urea and calcium
chloride concentrations of 0.33 M and 0.05 M (Table 8).
The measured permeability was similar to the estimation
from the pore-filling Panda-Lake model.
Fig. 10a presents the comparison of the measured per-
meability from the literature and permeability estimated
by the Panda-Lake model with pore-filling CaCO3 distri-
bution. Fig. 10a shows the line of equal permeability
between experimental data and modeling values (kpl = km)
and lines with a difference of 1 order of magnitude
(kpl = 10 km or 0.1 km). Fig. 10a also shows that all data
is centered around the line of equal permeability but with
a scattering variation of a maximum difference of 1 order
of magnitude. Fig. 10b presents the data using a histogram
of the difference between the logarithmic values of mea-
sured and calculated permeability (log10km-log10kpl),
which were used by Panda and Lake (1995) to validate
their model. The histogram in our study is a symmetrical
normal distribution with a mean of 0.2 and a standard
deviation of 0.4.
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The differences between the measured and modeling per-
meability could be attributed to: (1) different sand proper-
ties (porosity and relative density as shown in Table 8), (2)
urea and calcium carbonate concentrations (Table 8) that
affect the precipitated CaCO3 crystal size, and (3) the geo-
metric structure of the pore fluid channel that is affected by
CaCO3 distribution in the pore space (e.g., tortuosity and
pore throat radius condition, Armstrong and Ajo-
Franklin, 2011). Thus, the large scatter of the permeability
observed in the Grade D sand could be attributed to the
different target relative densities and three different CaCl2
concentrations (250, 500, 1000 mM). Al Qabany and
Soga (2013) also concluded that higher calcium carbonate
concentration would produce a larger CaCO3 crystal size
with inhomogeneous distribution in pore space. The geo-
metric structure of the pore fluid channel affected by the
CaCO3 precipitation was investigated by Armstrong and
Ajo-Franklin (2011). Armstrong and Ajo-Franklin (2011)
Fig. 9. Comparison of permeability between measurements (open and solid symbols) and modeling results (solid and dashed lines).
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incorporated pore structure data using x-ray computed
microtomography into the Kozeny-Carman model, which
showed a good match with the measured permeability of
the MICP-treated glass beads. Thus, for the Kozeny-
Carman model, a detailed pore structure is needed for
accurate prediction of the permeability of MICP-treated
sands.
Based on the data reported in Figs. 9 and 10, it can be
concluded that the Panda-Lake model with pore-filling
CaCO3 distribution may offer a reasonable estimate of
the laboratory-measured permeability of MICP-treated
sands. Fig. 9 could be used as a reference chart for estimat-
ing field-scale permeability by measuring CaCO3 contents
from field samples or vice versa.
5. Conclusions
This study focuses on investigating the dominant
CaCO3 distributions in the pore space of the MICP-
treated sands and their effects on the variations of the S-
and P-wave velocities and permeability. The dominant
CaCO3 distributions at the pore space were investigated
based on the comparisons of the measured and calculated
S-and P-wave velocities using the cemented-sand and
uncemented-sand models combined with three ideal
CaCO3 distributions (contact-cementing, grain-coating,
and matrix-supporting). The effects of CaCO3 distributions
at pore space on the variation of the permeability were esti-
mated using Kozeny-Carman and Panda-Lake models.
The following conclusions were drawn.
1. Three ideal CaCO3 distributions (e.g., contact-
cementing, grain-coating, and matrix-supporting) were
observed in the SEM images of MICP-treated sands.
Each ideal CaCO3 distribution results in different varia-
tions of the S-and P-wave velocities versus CaCO3 con-
tents using the cemented-sand and uncemented-sand
models.
2. The measured S-wave velocities versus CaCO3 contents
for various types of sands in the literature were summa-
rized in this study. S-wave velocities generally increase
with CaCO3 contents. However, there is a wide range
of variations of the S-wave velocities versus CaCO3 con-
tents, which could be attributed to the differences of test-
ing systems, sand particle shape and sizes, varying
porosities, degrees of saturation, coordination numbers,
applied confining pressures, urea and CaCl2 concentra-
tions, and pore-scale CaCO3 distributions.
3. The normalized S-wave velocities have higher increasing
rates for sands with higher D10, which may indicate that
the pore-scale CaCO3 distributions during MICP treat-
ment may be affected by the pore size of the sand matrix
(controlled by D10). Larger pore size may allow fast
advection of nutrient and bacteria and deposition of
CaCO3 to inter-particle contacts.
4. Based on the comparisons of the S-and P-wave velocities
between the lab-measurement data in the literature and
modeling results of cemented-sand and uncemented-
sand models, it can be concluded that the pore-scale
CaCO3 distribution of MICP-treated sands is a combi-
nation of ideal grain-coating and matrix-supporting
CaCO3 distributions.
5. The Kozeny-Carman model only considers the reduc-
tion of the porosity of the sand matrix, which results
in higher permeability estimates than the measured per-
meability of MICP-treated sands in the literature. The
variation of the permeability of MICP-treated sands is
affected by the changes of porosity and tortuosity of
the sand matrix and specific surface area of the CaCO3
crystals, which need to be modeled using the Panda-
Lake model with pore-filling or pore-bridging
distributions.
6. Both Laboratory-measured and model-calculated per-
meability using the pore-filling Panda-Lake model were
compared for seven types of sands. This comparison
demonstrates a relatively good match between the
Fig. 10. (a) Comparison of permeability between experimental measure-
ments and Panda-Lake modeling results; (b) histogram of the differences
of the permeability between experimental measurements and Panda-Lake
modeling results.
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measured permeability and pore-filling Panda-Lake
model with a maximum difference of one order of
magnitude.
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